Continual application of mineral fertilizer and manures to meet crop production goals has resulted in the buildup of soil P concentrations in many areas. A rainfall simulation study was conducted to evaluate the effect of the application of P sources differing in watersoluble P (WSP) concentration on P transport in runoff from two grassed and one no-till soil (2 m 2 plots). 
F RESHWATER EUTROPHICATION IS A MAJOR WATER QUAL-
ITY CONCERN in the USA (USEPA, 1996) and worldwide (National Research Council, 2000) , and can be greatly accelerated by the influx of phosphorus (P) in surface runoff from agricultural land. Eutrophication restricts water use for fisheries, recreation, and industry due to the increased growth of undesirable algae and aquatic weeds, and oxygen shortages caused by their death and decomposition. Also, an increasing number of surface waters have experienced periodic and massive harmful algal blooms (e.g., cyanobacteria and Pfiesteria), which contribute to summer fish kills, unpalatability of drinking water, formation of carcinogens during water chlorination, and links to neurological impairment in humans (Burkholder and Glasgow, 1997) .
As P most often limits freshwater eutrophication, decreasing P loss in runoff has become a major target in minimizing surface water degradation (Carpenter et al., 1998; U.S. Geological Survey, 1999) . To meet crop production goals, however, P is routinely added to soil. The continued application of fertilizers and manures in many areas has resulted in the buildup of soil P concentrations above those required for optimum plant growth. These elevated concentrations increase the potential for P loss (Sims et al., 1998; .
There are many types of P fertilizers available, such as organic (bone meal, cottonseed meal, fish emulsions, manures, and processed sewage sludge) and inorganic (reactive rock phosphates, acidulated phosphates, and thermophosphates) materials. The most common P fertilizer used is acidulated triple superphosphate (TSP) due its high P solubility and thus, immediate availability of P for crop uptake. Other fertilizers with lower water P solubility, such as highly reactive rock phosphate (RP) and low-grade single superphosphate (LGSSP), can be used to maintain a long-term source of P due to their residual availability. Among RP, NCRP (North Carolina RP) and GRP (Gafsa RP) are widely applied to agricultural soils due to their high reactive content of P and high agronomic effectiveness (Leon et al., 1986; Chien and Menon, 1995) . Low-grade single superphosphate has been tested at greenhouse and field condition with good performance in many agronomical scenarios (Prochnow et al., 2003; Prochnow et al., 2004) . This P source is produced from low-grade apatite concentrate with the objective of optimizing the use of RP.
Recent studies have shown a close relationship between the water solubility of P in land-applied manures and runoff P. Kleinman et al. (2002) found the WSP concentration of dairy, poultry, and swine manure applied to the surface of three soils to be highly correlated with dissolved reactive P (DRP) in surface runoff (r 2 5 0.86, P , 0.01). DeLaune et al. (2004) and Withers et al. (2001) observed DRP losses from P-amended soils were proportional to the water-soluble content of applied P. However, few studies compared the effect of P fertilizers varying in WSP on the transport of P in agriculture runoff. Sharpley et al. (1978) evaluated the effects of applying dicalcium phosphate (DCP-4% WSP) and single superphosphate (SSP-75% WSP) at a rate of 50 kg P ha 21 on the transport of DRP and particulate P (PP) in runoff from plots (55 m 2 ) under pasture and natural rainfall 15 wk after application. They observed a slightly greater proportion of applied SSP was transported as DRP (5%) than with DCP (3%). This difference was attributed to more rapid dissolution of SSP than of DCP at the soil surface. The greater proportion of applied DCP lost as PP (8%) than with SSP (4%) was attributed to an increased loss of P by washoff of less soluble DCP particles (Sharpley et al., 1978) . Consequently, applica-tion of DCP resulted in greater total P (TP) loss (7.09 kg ha 21 ) in runoff than did an equivalent application of SSP (5.63 kg ha 21 ). These results indicated that SSP is more susceptible to loss in runoff as DRP than from DCP, as a result of a more rapid and extensive dissolution. However, few studies have compared a range of fertilizer materials and manures varying in WSP on the transport of P in runoff. This information is needed to better define the agronomic effectiveness of P sources applied to agricultural land as well as environmental risk. Related to P loss risk assessment, the P Index that has recently been adopted by 49 states in the USA to address P-based nutrient management plans, considers water solubility of applied P as a factor influencing the potential for P runoff USDA and USEPA, 1999) . Phosphorus source solubility has focused on organic amendments (i.e., manure), with little consideration of the relative runoff P enrichment as a function of mineral fertilizer type added (Kleinman et al., 2002) .
This paper describes a study of the effect of applying different P sources varying in P solubility on the transport of P in runoff from three soils in southcentral Pennsylvania which were subject to simulated rainfall following the protocol of the National Phosphorus Research Project (2006) . It is important to make the point that in this present study mineral P sources and swine manure (usually defined as an organic source) were used. However, we will refer to both mineral and organic P additions as "sources of P" to facilitate understanding of our discussion.
MATERIALS AND METHODS

Soils and Plot Location
This study was conducted in the mixed land-use watershed, FD-36 (Northumberland, south central Pennsylvania), a 39.5-ha subwatershed in the Mahantango Creek watershed, which drains into the Susquehanna River and ultimately the Chesapeake Bay (Fig. 1) . Three sites in FD-36 were used; Alvira (Aeric Fragiaqult) in orchardgrass (Dactylis glomerata L.), Berks (Typic Hapludults) under no-till corn (Zea mays L.), and Watson (Typic Fragiudults) in orchardgrass. The orchardgrass plots were hayed rather than grazed. Fig. 1 . Location, field boundaries, and soil types of the FD-36 watershed, Northumberland County, PA and field overland flow sites for this study.
Phosphorus Sources
Three mineral fertilizer P sources varying in their chemical properties with emphasis in the water solubility and swine manure were selected for this study. Fertilizers used were LGSSP (obtained by the acidulation of Araxa rock phosphate), TSP, and NCRP. Water solubility of mineral sources was determined by Association of Official Analytical Chemists Official Method 977.01; and ammonium citrate-EDTA solubility by Method 993.31 (Association of Official Analytical Chemists, 1995).
For swine manure, water solubility was determined by the method of Sharpley and Moyer (2000) , and total P by a modified semimicro-Kjeldahl procedure (Bremner, 1996) . Following dry matter determination of manures, approximately 1 g (dry weight) of field moist manure was shaken for 1 h in 200 mL distilled water. The supernatant was then filtered (Whatman No. 1 paper) and P determined in the filtrate by the colorimetric method of Murphy and Riley (1962) .
Runoff Plots and Rainfall Simulation
At the three sites, 10 surface runoff plots, 2 m long and 1 m wide (long axis orientated down slope), delineated by metal borders installed 5 cm above and below ground level were installed (two replicates of five treatments for a total of 10 plots). The four P sources were broadcast at rate 100 kg P ha
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(based on the content of total P) to duplicate runoff plots; the fifth pair of plots were controls with no P added.
Rainfall was applied 1 d before and 1 d after application of P sources, with one TeeJet 2HH-SS30WSQ nozzle approximately 2.5 m above the soil to achieve terminal velocity (Humphry et al., 2002; National Phosphorus Research Project, 2006) . The nozzle, associated plumbing, in-line filter, pressure gauge, and electrical wiring were mounted on a 3-by 3-by 3-m aluminum frame, fitted with canvas walls to provide a windscreen (Fig. 2) . Before rainfall, volumetric soil moisture (u) was determined using a capacitance sensor at five locations within a plot (Theta Probe, Delta-T Devices, Cambridge, UK). Five surface soil samples (0 to 5 cm depth) were collected adjacent to each plot before rainfall and P source application. Soils were air-dried, sieved (2 mm), and stored for chemical analysis.
Surface runoff was collected in metal gutters at the down slope edge of each plot and pumped to 200-L plastic containers. Total surface runoff was measured by weighing the containers. A runoff sample was collected from each container after thorough mixing and agitation, and a subsample was immediately filtered (0.45 mm) and stored at 277 K. Filtered samples were analyzed within 24 h of collection and unfiltered samples no more than 7 d after the completion of the rainfall simulation.
All methods that were used in plot design and installation, rainfall simulation and runoff collection, and analysis, followed protocols detailed in the National Phosphorus Research Project (2006) . Between May and June 2005 rainfall was applied to each plot 7, 21, and 42 d later and runoff collected. The plots were covered with plastic sheeting when rain was forecast, to eliminate natural rainfall and runoff.
Soil and Water Analysis
Soil pH was determined with a glass electrode at a 1:1 soil/ distilled water ratio. Soil cation exchange capacity (CEC) was determined with 1 M NH 4 OAc adjusted to pH 7.0 (Hendershot et al., 1993) . Extractable Fe and Al were determined by shaking 0.5 g of soil in 20 mL of 1 M NH 4 OAc (adjusted to pH 4.8) for 2 h (Olson, 1965; McLean, 1965) . Particle size analysis was conducted by the hydrometer method after dispersion with sodium hexametaphosphate (Day, 1965) . Mehlich-3 extractable soil P was determined on each soil sample by shaking 1 g of soil with 10 mL of 0.2 M CH 3 COOH, 0.25 M NH 4 NO 3 , 0.015 M NH 4 F, 0.013 M HNO 3 , and 0.001 M EDTA for 5 min (Mehlich, 1984) . Water-extractable soil P was measured by shaking 1 g of soil in 10 mL of distilled water for 1 h. Total P was analyzed by modified semimicro Kjeldahl procedure (Bremner, 1996) . In all cases, P concentrations were determined on filtered (Whatman No. 1 paper) and neutralized extracts and digests by the colorimetric method of Murphy and Riley (1962) .
Soil P sorption was determined by shaking 1 g of soil with various additions of P (0 to 1000 mg kg 21 added as KH 2 PO 4 ) in 25 mL of 0.01 M CaCl 2 on an end-over-end shaker at 298 K (Nair et al., 1984) . After 24 h, the soil suspensions were centrifuged and filtered (Whatman No. 1 paper) and the solution P concentration (C) determined. The amount of P sorbed (X ) is the difference between P added and P remaining in solution. Using the Langmuir sorption equation soil P sorption and soil P sorption maximum were calculated as the reciprocal of the slope of the plot C/X vs. C (Olsen and Watanabe, 1957; Syers et al., 1973) .
Dissolved reactive P was determined on filtered (0.45 mm) runoff by the colorimetric method of Murphy and Riley (1962) . Total P was determined on an unfiltered sample following acid persulfate digestion (Kuo, 1996) . All analyses were conducted in duplicate. The loss of DRP and TP from each plot was calculated by multiplying the plot's total runoff volume and respective DRP and TP concentration. 
Statistical Analysis
Statistical analyses were performed using the Statistical Analysis System (SAS Institute, 2001). Data were log (x11) transformed, as necessary to satisfy conditions of normality using Proc Univariate (SAS Institute, 2001 ). Analysis of variance (ANOVA) techniques were used to determine treatment effects. Comparison of means were preformed using Duncan's studentized range test at P , 0.05 (SAS Institute, 2001 ).
RESULTS AND DISCUSSION Soil and Phosphorus Sources Properties
The physical and chemical soil properties of the three selected soils are presented in Table 1 . Few differences between soils were observed, although Berks had a slightly lower clay content, lower P sorption max, and binding energy than Alvira and Watson soils. Both total and water-extractable soil P concentrations were lower in the Berks than Alvira and Watson. There were large differences in P source WSP, which increased in the order NCRP, swine manure (SM), LGSSP, and TSP (Table 2) 
Phosphorus Concentrations in Surface Runoff
The mean concentrations of DRP and TP in surface runoff obtained from the rainfall simulation 1 d before source P application were similar among plots of the same soil type at the three sites used in this study. Concentrations of DRP from Alvira, Berks, and Watson soils averaged 0.40, 0.46, and 0.38 mg L
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, respectively, and 0.43, 0.62, and 0.40 mg L 21 for TP. The similarity of these concentrations is consistent with initial surface soil Mehlich-3 P concentrations, which were similar among the 3 soil sites (Table 1) . Because P sources were broadcast on vegetated plots, source WSP masked any influence of differing P level (Mehlich-3 P of 44 to 72 mg kg 21 ) and sorption properties (P sorption maximum of 242 to 372 mg kg 21 ) of surface soil on runoff P. As a result, soil type had no effect on P loss under the field conditions used in the research and P source was the main variable influencing observed DRP and TP concentrations.
The surface application of all P sources increased the concentration of DRP and TP in runoff 1 d after fertilizer application (Table 3 ). The general increase in runoff DRP and TP concentrations with application of P sources, considering all soils vs. sources, was consistent and significant (P , 0.05) with the increase in source P solubility. For instance, DRP averaged 0. 27, 0.50, 14.66, 41.69, and 90.47 In this study, 79% of the TP from TSP used was watersoluble, contrasting with 50, 30, and 0.5% for LGSSP, SM, and NCRP respectively (Table 2) . Although all P sources were applied at the same rate of 100 kg TP ha
LGSSP, SM, and NCRP resulted in lower soluble P applications. Several factors can affect the potential for P loss from soils amended with P. For instance, the water solubility of P in both soil and added sources has a large influence on DRP concentrations in runoff (McDowell and Sharpley, 2001 ). In fact, DeLaune et al. (2004) observed that DRP concentrations in runoff were proportional to the water-soluble P content of applied P sources. Tabbara (2003) found comparatively lower P concentrations in runoff from a fallow sandy loam soil after application of liquid swine manure than liquid ammonium polyphosphate fertilizer and attributed this to the lower concentration of soluble P in applied manure than fertilizer.
Although all P sources increased DRP and TP concentrations of runoff (P , 0.05), NCRP application resulted in only small, albeit significant increases in DRP and TP (Table 3 ). This slight increase in runoff P following NCRP amendment compared with the control was probably due the low WSP and consequently slow release of P from NCRP. This reflects the slow RP dissolution kinetics (Di et al., 1994) and that the potential for P release from NCRP in a short period after application (1 d) being much lower than from the other P sources. McDowell et al. (2003) , evaluating the effect of applying 23 kg P ha 21 yr 21 as reactive rock phosphate (RRP) or 20 kg P ha 21 yr 21 as superphosphate on P transport in runoff caused by a 15 mm h 21 rainfall for . As in the present study, Nguyen et al. (1999) found DRP concentrations in runoff were greater from soil amended with high water-soluble P sources, SSP, and TSP than from soils amended with slow-release RRPs from Tunisia (Gafsa) and Egypt (Kosseir) that were only slightly greater than the control 3 d after the application (Nguyen et al., 1999) .
Twenty-one days after P source application, DRP and TP in surface runoff did not differ significantly among TSP, LGSSP, and SM (P , 0.05). However, these sources showed higher DRP and TP in surface runoff compared with NCRP and the control (Table 3) . This trend was also observed 42 d after fertilizer application (Table 3) . When compared with the first day after P source application, concentrations were low, with a dramatic decrease in DRP and TP concentrations for all sources except NCRP. The constant concentration of DRP and TP in runoff with time after NCRP application is related to the slow dissolution kinetics of the RP.
Phosphorus Loss in Surface Runoff
Phosphorus source did not affect runoff volume over the study period (Table 4) . However, average cumulative DRP and TP losses ranged from 0.45 to 20.93 and 0.74 to 22.71 kg ha
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, respectively (Table 4) . Analysis of variance showed that P source had a significant effect (P of 0.05) on cumulative DRP and TP losses, with greater losses from plots fertilized with TSP (79% WSP). Cumulative TP losses increased as a function of source WSP (TSP.LGSSP.SM.NCRP; Table 4 ). A simple regression analysis showed that both DRP and TP concentrations in runoff were a strong positive linear function (r 2 5 0.99) of P source WSP (Fig. 3) . These results are consistent with those of Franklin et al. (2006) who found larger cumulative losses of DRP for plots fertilized with TSP (95% WSP) than plots fertilized with broiler litter (8% WSP).
Total P loss in runoff accounted for 23, 13, 7, and 0.7% of the TP applied as TSP, LGSSP, SM, and NCRP, respectively (Table 4) . These results show that differences in cumulative loss in DRP and TP were strongly impacted by source type, as a function of its WSP concentration. Further, DRP constituted the main proportion of TP loss, accounting for 92% in runoff from plots amended with TSP, 94% with LGSSP, 83% with SM, and 61% with NCRP.
CONCLUSIONS
Results from this research clearly show the strong influence of water solubility of P sources in determining P concentration and loss in surface runoff. A drastic increase in DRP, TP, and cumulative loss was observed Fig. 3 . Relationship between percent of P source total P as watersoluble P and the dissolved reactive and total P concentration of surface runoff averaged for all three soils and rainfall-runoff events.
with an increased source of WSP (TSP.
LGSSP.SM. NCRP.control). Phosphorus concentration and loss in runoff from NCRP was only slightly greater than that from the control, as NCRP contributed a slow but continued release of P over the time of this field study. Phosphorus concentrations in runoff were highest in the first rainfall event 1 d after P source application and decreased with time. These results support the use of P source WSP as an indicator of the potential for these sources to enrich runoff P after being applied to agricultural land. These results also support the use of P solubility for mineral fertilizers as well as manures in the P Index, in terms of assessing the potential risk of P loss from agricultural lands. In addition, the results of this research suggest that decisions regarding the source of P or type of fertilizer applied can influence environmental as well as agronomic response. For instance, whereas TSP provides a ready and large amount of P immediately available for plant uptake, it is also an immediate source of P to runoff. With time after TSP application, P enrichment of runoff rapidly declines due to depletion of this P source. In contrast, following application of a lower P solubility source of P, such as LGSSP or NCRP, runoff P enrichment is not as great as with TSP. However, the low WSP of LGSSP and NCRP can maintain a slow release of P, such that 42 d after application, P loss from LGSSP-and NCRP-amended plots was similar to that from TSP.
Clearly, a decision can be made regarding P source use based on expected environmental or agronomic response. Whereas other studies have reported on the relative agronomic effectiveness of different types of P fertilizers, our research suggested that more agronomically effective P sources present a greater risk of runoff P enrichment. Conversely, LGSSP and NCRP may support lower concentrations of P in runoff than TSP. Nevertheless, if crop is the main management consideration, then agronomic efficiencies should determine the source or type of P applied.
